Abstract -Aims: Alcoholic ketosis and ketoacidosis are metabolic abnormalities often diagnosed in alcoholics in emergency departments. We attempted to identify determinants or factors associated with alcoholic ketosis. Methods: The subjects of this cross-sectional survey were 1588 Japanese alcoholic men (≥40 years) who came to an addiction center within 14 days of their last drink. Results: The results of the dipstick urinalyses revealed a prevalence of ketosis of 34.0% (±, 21.5%; +, 8.9%; and 2+/3+; 3.6%) in the alcoholics. Higher urine ketone levels were associated with higher serum total bilirubin, aspartate transaminase (AST), alanine transaminase and gamma-glutamyl transpeptidase levels. A multivariate analysis by the proportional odds model showed that the odds ratio (95% confidence interval) for an increase in ketosis by one category was 0.94 (0.84-1.06) per 10-year increase in age, 0.93 (0.89-0.97) per 1-day increase in interval since the last drink, 1.78 (1.41-2.26) in the presence of slow-metabolizing alcohol dehydrogenase-1B (ADH1B*1/*1), 1.61 (1.10-2.36) and 1.30 (1.03-1.65) when the beverage of choice was whiskey and shochu, respectively (distilled no-carbohydrate beverages vs. the other beverages), 2.05 (1.27-3.32) in the presence of hypoglycemia <80 mg/dl, 0.91 (0.88-0.94) per 1-kg/m 2 increase in body mass index (BMI), 1.09 (1.00-1.18) per +10 cigarettes smoked, and 2.78 (2.05-3.75) when the serum total bilirubin level was ≥2.0 mg/dl, and 1.97 (1.47-2.66) when the serum AST level was ≥200 IU/l. Conclusion: Ketosis was a very common complication and frequently accompanied by alcoholic liver injury in our Japanese male alcoholic population, in which ADH1B*1/*1 genotype, consumption of whiskey or shochu, hypoglycemia, lower BMI and smoking were significant determinants of the development of ketosis.
INTRODUCTION
Alcoholic ketosis and ketoacidosis are major metabolic abnormalities that are observed in alcoholics (Fulop and Hoberman, 1975; Wrenn et al., 1991; McGuire et al., 2006) , and careful evaluation of blood pH and serum ketone levels showed that alcoholic ketosis and ketoacidosis were common disorders among Japanese heavy drinkers in an emergency department where alcoholic ketoacidosis was frequently accompanied by hypoglycemia and consciousness disturbances (Yokoyama et al., 2002) .
In the present study we investigated the prevalence of ketosis in Japanese alcoholic men who visited an addiction center for treatment of alcoholism for the first time, and we attempted to identify determinants or factors associated with alcoholic ketosis, including age, drinking habits, smoking habits, body mass index (BMI), genetic polymorphisms of alcohol dehydrogenase-1B (ADH1B, rs1229984) and of aldehyde dehydrogenase-2 (ALDH2, rs671), physical comorbidities, and results of liver function tests.
MATERIALS AND METHODS

Subjects
The reference population of this study consisted of 1588 Japanese alcoholic men aged 40 years or over who met all of the following criteria: (a) came to the Kurihama Medical and Addiction Center for treatment of alcohol dependence within 14 days of their last drink for the first time between May 2004 and December 2011, (b) underwent routine blood and urine tests in the morning of the day of their first visit, (c) was evaluated for the presence of physical comorbidities and (d) underwent ADH1B and ALDH2 genotyping. The ethics committee of the center reviewed and approved the proposed study (No. G37), and each of the participants gave his informed consent.
All of the alcoholics who participated in this study met the DSM-IV criteria for alcohol dependence (American Psychiatric Association, 1994) . Just before an upper gastrointestinal endoscopic screening examination we asked each participant when he was in a sober state about his drinking and smoking habits. Usual alcohol consumption during the preceding year was expressed in grams of ethanol per day calculated by using standard conversion factors for alcoholic beverages. Beer and low-malt beer were assumed to be 5% ethanol (v/v); wine, 12%; sake, 16%; shochu, 25%; and whiskey, 40%. Daily alcohol intake was then converted to the number of units consumed per day by dividing total ethanol consumption in grams by 22 g per unit (the ethanol content of one serving of sake).
On the subjects' first visit to the center their body height was measured unshod and wearing light clothing. The clinical diagnoses of comorbidities were made after alcohol detoxification. Patients received a routine examination that included a physical examination, blood tests, chest and abdominal X-ray, upper gastrointestinal endoscopy, abdominal ultrasound examination, and abdominal computed tomography (CT). The diagnosis of liver cirrhosis was made on the basis of the results of the physical examination, blood tests, and imaging studies or the detection of esophagogastric varices during the endoscopic examination. The severity of cirrhosis was graded according to the Child-Pugh scoring system based on the findings at the first visit (Pugh et al., 1973) . The level of liver fibrosis was assessed on the basis of the patients' serum type IV collagen levels (Panassay IV·C, Daiichi Fine Chemical Co. Ltd, Toyama). Diabetes mellitus was recorded as present if the fasting glucose level was 126 mg/dl or more, the nonfasting glucose level was 200 mg/dl or higher, or the patient was currently taking medication for diabetes mellitus. We screened 1504 of the patients for pancreatic calcification by the CT images.
ADH1B and ALDH2 genotyping
Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) methods were performed on lymphocyte DNA samples to genotype ADH1B (Xu et al., 1988) and ALDH2 (Harada and Zhang, 1993) .
Blood testing and urine ketone testing Blood and urine were obtained on the day of the patients' first visit to the center for treatment of alcoholism. The blood chemistry examination was performed using a Toshiba TBA-120FR chemistry analyzer (Toshiba Medical Systems Corporation, Tochigi, Japan). The blood ethanol level was measured by absorptiometry with an autoanalyzer (COBAS INTEGRA 400 PLUS, Roche Diagnostics Ltd, Tokyo).
Dipstick urinalysis was performed with an N-Multistix SG-L dipstick and an automated urine chemistry reagent-strip analyzer (Clinitek 500, Siemens Healthcare Diagnostics, Inc., Tokyo, Japan). The urinary ketone levels were classified into five categories, i.e. a 'negative' category and four positive categories based on the results of nitroprusside reaction: negative (−) and positive (±, 5-14 mg/dl of acetoacetate; +, 15-39 mg/ dl; 2+, 40-79 mg/dl; and 3+, ≥80 mg/dl). The dipstick urinalysis was repeated on the 6th-8th hospital day of abstinence in 1117 patients who underwent an inpatient rehabilitation program and received standard treatment that includes a balanced diet and 2-day administration of xylitol, electrolytes and vitamins in intravenous fluid.
Statistical analysis
The data have been summarized as means and standard errors, percentiles, or percentage values. Mann-Whitney U-test (for 2 groups), Kruskal-Wallis test (for 3+ groups) or van Elteren test (for age-adjusted analysis) was used to compare nonnormally distributed continuous variables between groups, and the analysis of covariance (ANCOVA) was used to compare normally distributed continuous variables between groups after adjustment for age. The Cochran-Mantel-Haenszel test was used to compare proportions between groups after adjustment for age. The multiple logistic regression model was used to estimate an adjusted odds ratio (OR) and 95% confidence interval (CI), where the stepwise procedure was used to select variables. A P-value <0.05 was considered statistically significant. All analyses were performed with the SAS statistical package (version 9.2; SAS Institute, Cary, NC, USA).
RESULTS
The dipstick urinalysis on the first visit showed a high prevalence of ketosis (34.0%) in the alcoholics: ±, 21.5%; +, 8.9%; and 2+/3+; 3.6% (Table 1) . It was 37.1% in the 1202 alcoholics who reported having consumed alcohol within the past 3 days: ±, 22.5%; +, 10.2%; and 2+/3+; 4.4%. Among a total of 885 patients who reported having drunk until the day of the first visit or the day before, the distribution of category of ketosis was similar between the group with high blood ethanol levels (≥1.00 mg/ml) and the group with low blood ethanol levels (0.01-0.99 mg/ml), but both groups had higher levels of ketosis than the group whose blood ethanol level was zero. The prevalence and category of ketosis at the first visit were negatively associated with the interval since the last drink, but 26.6% (±, 18.2%; +, 7.0%; and 2+/3+, 1.4%) of the 214 patients had ketosis after a self-reported interval of 4-7 days since the last drink, and 21.5% (±, 18.6%; +, 2.3%; and 2+/3 +, 0.6%) of the 172 patients had ketosis even after a selfreported interval of 8-14 days since the last drink. The blood ethanol level on the first visit day was zero in 54.1, 94.6, 95.8, and 96.5% of the patients whose self-reported interval since the last drink was 0-1 day, 2-3 days, 4-7 days, and 8-14 days, respectively. Ketosis was rarely present on the 6th-8th hospital day of abstinence during the inpatient rehabilitation program: ±, 2% (24/1117) and +/2+/3+, 0%.
The higher levels of ketosis at the first visit were significantly associated with younger age, shorter interval since the last drink, larger usual amounts of alcohol consumption, whiskey and shochu (distilled no-carbohydrate beverages) as the beverages most frequently consumed, smoking, the slow-metabolizing ADH1B*1/*1 genotype, and the inactive heterozygous ALDH2*1/*2 genotype. All of the statistically significant associations remained significant after adjustment for age and interval since the last drink. Table 2 shows the associations between the levels of ketosis and BMI, diabetes mellitus, chronic calcific pancreatitis, blood glucose levels, and hemoglobin A1c levels. Only lower BMI and hypoglycemia <80 mg/dl were significantly associated with higher levels of ketosis, and the associations remained significant after adjustment for age and the interval since the last drink.
The categories of urine ketone body levels were not associated with the severity of liver fibrosis or the severity of liver cirrhosis (Table 3) .
The categories of urine ketone body levels were positively correlated with the serum total bilirubin, aspartate transaminase (AST), alanine transaminase (ALT) and gamma-glutamyl transpeptidase (GGT) levels, and all of the associations remained significant after adjustment for age and interval since the last drink (Table 4) .
Univariate analyses by a proportional odds model adjusted for age and interval since the last drink showed that age, interval since the last drink, ADH1B*1/*1 genotype, whiskey as the beverage most frequently consumed, current smoking, lower BMI, hypoglycemia <80 mg/dl, and serum total bilirubin level ≥2.0 mg/dl, serum AST level ≥200 IU/l, serum ALT level ≥100 IU/l, and serum GGT level ≥1000 IU/l were significantly associated with the levels of ketosis, but the association with the ALDH2*1/*2 genotype did not reach the level of significance (Table 5) . A multivariate analysis by the proportional odds model showed that the OR (95% CI) for a one category increase in category of urinary ketone body test results was 0.94 (0.84-1.06) per 10-year increase in age, 0.93 (0.89-0.97) per 1-day increase in interval since the last drink, 1.78 (1.41-2.26) in the presence of ADH1B*1/*1, 1.30 (1.03-1.65) and 1.61 (1.10-2.36) when the beverage of choice was shochu and whiskey, respectively (vs. the other beverages), 1.09 (1.00-1.18) per +10 cigarettes smoked, 0.91 (0.88-0.94) per 1-kg/m 2 increase in BMI, 2.05 (1.27-3.32) in the presence of hypoglycemia <80 mg/dl, 2.78 (2.05-3.75) when the serum total bilirubin level was ≥2.0 mg/dl, and 1.97 (1.47-2.66) when the serum AST level was ≥200 IU/l.
DISCUSSION
The results of this large survey demonstrated that ketosis diagnosed on the basis of the results of a dipstick urinalysis was a very common complication in our population of Japanese alcoholic men. The prevalence was 37.1% among the subjects whose last drink was consumed 0-3 days before and 21.5% among those whose last drink was consumed 8-14 days before. However, ketosis was rarely (2%) observed on the 6th-8th hospital day during the inpatient rehabilitation program. Reliability of the responses of alcoholics in reporting their last drink is always problematic, but we confirmed that the blood ethanol level was zero in 96.5% of patients whose self-reported interval since the last drink was 8-14 days. These results suggest that ketosis in the alcoholic men was attributable not only to chronic heavy drinking, but also to various ketogenic conditions of the alcoholics, including poor and unbalanced dietary intake, malnutrition, smoking, dehydration, and endocrine deterioration, especially resulting from ethanol withdrawal (Wrenn et al., 1991; McGuire et al., 2006) .
The levels of ketosis were strongly positively associated with the subjects' serum total bilirubin, AST, ALT and GGT levels, especially with serum total bilirubin levels ≥2.0 mg/dl and serum AST levels ≥200 IU/l. Wrenn et al. (1991) and Fulop and Hoberman (1975) have also reported frequent elevations in serum transaminase activities and bilirubin in patients with alcoholic ketosis or ketoacidosis. The present strong positive associations suggest that common mechanisms led to the development of both ketosis and liver injury in this alcoholic population. Several mechanisms to explain the development of 'alcoholic ketohepatitis', which is characterized by the simultaneous development of ketosis, jaundice and an elevated serum AST level in alcoholics, are possible. The increased levels of ketosis reflect the increase in hepatic supply of fatty acids, which may cause liver damage through lipotoxicity, and the increase in mitochondrial β-oxidation, which increases the production of reactive oxygen species and lipid peroxides (Purohit et al., 2009; Zámbó et al., 2013) . Cytochrome p4502E1 (CYP2E1) is induced in alcoholics and plays a major role in the pathogenesis of alcoholic liver disease (Lieber, 1999) . In the rat, CYP2E1 is induced by fasting, and its induction may be attributable to ketones, because ketones are known to induce CYP2E1 (Wan et al., 2006) . The ketone-induced CYP2E1 may exaggerate the liver Variables were selected by the stepwise procedure with a P-value of <0.1 for entry and removal; age and interval since the last drink were forced into the model. -, not selected; presence of chronic calcific pancreatitis was not entered because of the missing values for 84 subjects. b Versus the beverages not selected. damage in alcoholics. Fasting hyperbilirubinemia due to increased circulation of enterohepatic bilirubin (Gärtner et al., 1997) may be related to the strong association between jaundice and ketosis in alcoholics, because ethanol has a predominant effect on ketogenesis in the fasting state (Lefèvre et al., 1970) . Although fasting hyperbilirubinemia is generally an innocent abnormality, it may be harmful when accompanied by alcoholic liver disease. Ketosis may be concurrent with nutritional deficiencies that have additional negative impacts on the liver damage (Lieber, 2003) . However, the levels of ketosis were not associated with the severity of liver fibrosis or cirrhosis, suggesting that their ketosis and comorbid hepatitis were episodic and did not reflect chronic progressive liver damage. Partly because of their higher resting energy expenditure and promotion of lipid oxidation in addition to poor dietary intake, alcoholics often have a lean body despite a high energy intake in the form of alcoholic beverages (Addolorato et al., 1997; Levine et al., 2000) . The association between ketosis and low BMI observed in the present study may be at least partly explained by the low-BMI-associated increase in energy expenditure and lipid oxidation as well as starvation. We recently demonstrated that Japanese alcoholic men with the fast-metabolizing ADH1B*2 allele had a lower BMI (Yokoyama et al., 2013b) , had lower ethanol levels in the morning after drinking the day before (Yokoyama et al., 2010 (Yokoyama et al., , 2014 and had a higher frequency of liver cirrhosis (Yokoyama et al., 2013a) than Japanese alcoholic men with the ADH1B*1/*1 genotype. The most dramatic change in ethanol metabolism in alcoholics is induction of the microsomal ethanol oxidizing system (MEOS) including CYP2E1, which is associated with energy expenditure of ethanol, a rapid ethanol elimination, and alcohol-induced liver pathology (Lieber, 1999) . We have proposed the hypothesis that MEOS activity is more strongly induced by ADH1B*2-associated fast ethanol metabolism in alcoholics, because it is consistent with all the ADH1B-associated differences in BMI, alcohol metabolism and prevalence of liver cirrhosis (Yokoyama et al., 2013a (Yokoyama et al., ,b, 2014 . Acetone is a substrate of CYP2E1 and is metabolized to glucose by CYP2E1 during fasting (Lieber, 1999) , and CYP2E1-null mice exhibit very high serum acetone levels during fasting (Bondoc et al., 1999) . The liver triglyceride levels of CYP2E1-knockout mice do not increase when the mice are fed ethanol (Lu et al., 2008) . CYP2E1 induction may promote acetone catabolism and/or suppress mitochondrial β-oxidation in the liver, and its induction may partially explain the negative association between the ketosis levels and the presence of the ADH1B*2 allele.
High alcohol consumption has been reported to be inversely associated with serum adiponectin levels (Maeda et al., 2014) and positively associated with hypertriglyceridemia (Hashimoto et al., 2002) in Japanese men with the ADH1B*2/*2 genotype. Adiponectin-induced stimulation of fatty acid clearance and ketogenesis in the fasting state has been demonstrated in transgenic mice that overexpress adiponectin (Shetty et al., 2012) . It is conceivable that the suppression of ketogenesis in ADH1B*2 carriers is at least in part mediated by suppressed production of adiponectin and increased production of triglycerides.
Another explanation is also possible. Alcoholics who have the ADH1B*1/*1 genotype are exposed to ethanol for a longer time than alcoholics who have the ADH1B*2 allele (Yokoyama et al., 2010 (Yokoyama et al., , 2014 , and that results in a prolonged ethanol and acetate lingering. Acetate is incorporated into acetyl coenzyme A (CoA), a primary source of fatty acid production and ketogenesis (Fig. 1) . High levels of ethanol directly stimulate lipolysis in adipose tissue (Baraona and Lieber, 1979) , and it inhibits the differentiation of adipose stromal cells (Crabb et al., 2011) . Prolongation of these effects may increase the supply of fatty acids to the liver and hepatic fatty acid production and ketogenesis. Fatty acid-overloaded hepatocytes increase hepatic removal of fatty acids, and hepatic ketogenesis is promoted because the prolonged increase in NADH/ NAD ratio due to ethanol metabolism and shortage of citrate cycle intermediates due to nutritional deficiencies inhibit the activity of the citric acid cycle, the main elimination pathway of acetyl CoA. This possibility is consistent with the prevalence and level of ketosis being higher in the alcoholics in whom blood ethanol was detected than in those whose blood ethanol level was zero among those who reported having drunk until the day of the first visit or the day before.
Although the adjusted OR of inactive ALDH2*1/*2 for ketonuria did not reach a statistical significance [1.24 (0.94-1.64) ], the frequency of ALDH2*1/*2 was significantly higher in the alcoholics with the higher ketonuria levels. After ethanol feeding ALDH2-knockout mice had been found to have lower levels of hepatic sterol regulatory element-binding protein-1c (SREBP-1c) and a lower degree of hepatic steatosis than wild-type mice (Kwon et al., 2014) . Down-regulation of SREBP-1c, a central regulator of fatty acid metabolism, results in inhibition of fatty acid synthesis and promotion of mitochondrial β-oxidation and ketogenesis in the liver (Sozio and Crabb, 2008) , and high acetaldehyde exposure in ALDH2*1/*2 alcoholics may accelerate mitochondrial β-oxidation and ketogenesis.
Poor dietary intake and a block of hepatic gluconeogenesis via a high NADH/NAD ratio during ethanol metabolism result in depleted hepatic glycogen stores and hypoglycemia (Krebs et al., 1969;  Fig. 1 ). The results of the present study revealed that a positive association between the level of ketosis and the presence of hypoglycemia and the beverage choice of whiskey or shochu. Since whiskey and shochu are distilled alcoholic beverages that contain no carbohydrates, uninterrupted drinking of whiskey or shochu with little dietary intake increases the risk of developing hypoglycemia and ketosis. Starvation combined with dehydration and alcohol withdrawal syndromes results in a number of hormonal effects in alcoholics, Fig. 1 . Ethanol, fatty acid, glucose and ketone metabolism in alcoholic ketosis. ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; CYP2E1, cytochrome p4502E1; FA, fatty acid; MEOS, microsomal ethanol oxidizing system; TG, triglyceride. Thin arrows indicate an increased effect.
and insulin production decreases, while glucagon, cortisol, catecholamines and growth hormone levels increase (McGuire et al., 2006) . These hormonal changes promote fatty acid release from triglycerides stored in adipose tissue, and accelerate fatty acid oxidation to acetyl CoA and ketogenesis in the liver. Smoking activates the hypothalamic-pituitary-adrenal axis resulting in increased cortisol levels (Tweed et al., 2012) . Furthermore, it aggravates insulin resistance, dyslipidemia and visceral adiposity despite weight loss (Tweed et al., 2012) . These effects of smoking may partly explain the positive smoking-ketosis relationship. Alcoholics have been found to be at high risk of unexpected sudden death, and when medicolegal autopsies were performed, fatty liver alone was often the main pathological finding, and no clear immediate cause of death was found (Randall, 1980; Copeland, 1985; Hansen and Simonsen, 1991; Yuzuriha et al., 1993) . Forensic autopsy studies have demonstrated elevated levels of β-hydroxybutyrate (BOHB; a product of acetoacetate reduction) in unexpected deaths by alcoholics (Thomsen et al., 1995; Iten and Meier, 2000) , and many may have been caused by alcoholic ketoacidosis, i.e. have been 'ketoalcoholic deaths' (Thomsen et al., 1995) . Ketoalcoholic deaths (Denmark, 1993; Yuzuriha et al., 1997; Iten and Meier, 2000) and ketoacidosis diagnosed in an emergency room (Fulop and Hoberman, 1975; Wrenn et al., 1991; Yokoyama et al., 2002) were found to often be accompanied by hypoglycemia. The very high prevalence of ketosis in our Japanese male population indicates that dietary intervention as well as abstinence is important to preventing sudden unexpected deaths associated with severe metabolic disorders.
The present study had several limitations. The first limitation was that the nitroprusside reaction is sensitive to acetoacetate, but insensitive to BOHB. When there is a high NADH/ NAD ratio in the liver during ethanol metabolism, acetoacetate is predominantly reduced to form BOHB. The dipstick urinalysis by the nitroprusside reaction may have underestimated the prevalence and level of ketosis in the alcoholics. However, studies have reported that 83% (20/24, Fulop and Hoberman, 1975) and 89% (24/27, Wrenn et al., 1991) of alcohol abusers with alcoholic ketoacidosis in emergency departments were found to be positive for urine ketones according to the dipstick findings, and the dipstick urinalysis we used can detect a very low acetoacetate concentration, i.e. as low as 5 mg/dl. The results might have been more reliable if the subjects' blood ketone and fatty acid levels had been measured simultaneously. Another limitation of this study was that nutritional status including caloric intake and food composition were not investigated, and these parameters have a considerable impact on ketogenesis. Their impacts will be the topics of future research. No blood gas analyses or acid-base balance analyses were performed in this study. The classical clinical presentation of patients with alcoholic ketoacidosis includes severe nausea, vomiting, abdominal pain and tachypnea, although they may be symptoms of concomitant dehydration or early acute alcohol withdrawal (MacGuire et al., 2006) . Some patients with severe symptoms of alcoholic ketoacidosis may have gone to the emergency department, not to the addiction clinic, and as a result not have been included in this study.
In conclusion, ketosis was a very common complication and frequently accompanied by alcoholic liver injury in our Japanese male alcoholic population, in which ADH1B*1/*1 genotype, consumption of whiskey or shochu, hypoglycemia, lower BMI, and smoking were significant determinants of the development of ketosis.
